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In this method, the phytoplankton standing stock as carbon was calculated from carbon assimilation rates, measured at 24 and 48 hr, during incubation of seawater samples on shipboard.
The method requires exponential growth at constant specific growth rate of the phytoplankton in the sample during incubation and relies on the fact that the rate of synthesis of cell substance is proportional to the quantity of cell substance present. Growth was so extensive that nutrients had to be added to the samples before the 48-hr incubations to maintain exponential growth. Light intensity during incubation affected results, and matching the incubation intensity to that in situ seemed best. Carbon : chlorophyll cc ratios found in phytoplankton off La Jolla, California, averaged about 90 in nutrient-deplctcd surface layers and about 30 in deeper, nutrient-rich water. Photosynthetic rates per unit chlorophyll a, calculated from 24-hr incubations, were high due to chlorophyll a synthesis -during incubation.
A chief problem in using chlorophyll a as a measure of phytoplankton standing stock is that the ratio of chlorophyll a to organic matter ( expressed as carbon) is variable, depending on the past history of the cells. Light intensity, temperature, and nutrient availability appear to be the primary determinants of the proportionality factor, but there is species variation as well. Ratios of carbon to chlorophyll a have ranged from about 10 to 230 in cultures analyzed in this laboratory.
Obviously, if chlorophyll a is to be used as an accurate measure of the standing crop of phytoplankton, its proportionality factor to cell organic carbon must be measured. The experiments reported here allowed calculation of the factor and its variation (with depth, season, and water quality) off La Jolla, California, from April through August 1967.
The method (hereafter, method A) takes advantage of the fact that the rate of synthesis of cell substance during exponential growth is density-dependent, that is, dP --dt -Pk, where dP/dt is the rate of synthesis, P the amount of cell substance, and 7c the specific growth rate. If dP/dt and 7c can be measured, then P can be calculated. Since finite time periods are used for mcasurement, an integrated form of equation (1) is used:
where PO is the initial amount of cell substance and AP is the amount of new cell material synthesized in time t. Solving for PO gives AP Po=e'ct-l.
In these experiments, AP is the amount of carbon assimilated by phytoplankton cells in a sample of natural seawater in a 24-hr day. The specific growth rate, 7c, is calculated from the carbon uptake in two consecutive 24-hr periods:
In equation (4)) the carbon uptake during the second day is expressed as AP, -API; AP, indicates the total uptake after 4%hr.
The sampling interval of 24 hr was chosen to avoid problems of periodicity in rate 574 of carbon assimilation over the course of the day.
Equations (3) and (4) reduce to P() = ApI2 AP22 AP2 -2A& = A& -2AP2 (5) when incubation times are used that increase in a simple geometric series (tl : t2 : ts = 1: 2: 4 days) as used here ( Epplcy and Strickland 1968 ) .
This approach assumes that carbon assimilation as measured by the 14C technique in fact measures net increase in particulate cell carbon; several studies have previously shown this to be true (Ryther 1956; Ryther and Menzel 1965; Antia et al. 1963; McAllister, Shah, and Strickland 1964; Eppley and Sloan 1965) .
Standing stock estimates could be calculated also from the ratio of carbon increase : chlorophyll a. increase multiplied by initial chlorophyll a, if this ratio were to remain constant. But .because of the lability of chlorophyll a in the face of environmental changes and the error in our measurements, such PO estimates are considered of less value. Nevertheless, the method was useful when method A failed, and the results will be briefly considered.
Ninctcen experiments were carried out during consecutive weekly cruises aboard the Scripps Institution of Oceanography RV T-441 as part of a comprehensive study of local phytoplankton and zooplankton communities in relation to coastal upwelling. An additional experiment was undertaken during a red tide bloom o,ff Long Beach, California.
I thank Dr. J. D. H. Strickland for suggesting the method and for providing the opportunity to test it; I also thank J. L. Coatsworth for technical assistance,
METHODS
Samples of seawater were taken with a plastic, nontoxic Van Dorn sampler and filtered through 150-p netting to remove larger animals. One liter was taken immcdiatcly for chlorophyll a analysis. To 3 liters were added 18.9 &i of carbon-14 (as sodium carbonate) along with 1.00 ml of nutrient solution (IMR medium described by Eppley, Holmes, and Strickland 1967) ) and this preparation was placed in a &g-liter bottle. The bottle was enclosed in a tight-fitting stocking made of white nylon cloth as a light attenuator. A shallow box served as an incubator with surface scawatcr circulating through the box for cooling. The box was placed on the boat deck of the ship where it received full sunlight. After 24 hr and again after 48 hr, samples of 500-ml volume were remo,ved fro'm each bottle (after thorough mixing) for measurement of carbon assimilation and chlorophyll a content o,f the particulatle material. Samples for carbon-14 assay were filtered on 0.45-p pore-size membrane filters, dried in a desiccator, exposed to fumes of concentrated I-ICI, then dric'd again before determination of carbon-14 radioactivity, as described by Strickland and Parsons ( 1968) . Statistical counting error was kept below 2%. Samplcs for chlorophyll a estimation were filtered on Whatman GF/C glass-fiber filters after adding 1 ml of a magnesium carbonate suspension to the sample. The filters were folded, placed in waxed paper cnvelopes, and kept frozen in the dark until returned to the laborato,ry. There they were ground with 90% acetone in a Teflon and glass homogenizer, made up to volume with 90% acetone and the chlorophyll a of the extract determined with a Turner fluorometer using 47B (blue primary) and 2-64 (red secondary) filters (Yentsch and Menzel 1963; Helm-Hansen et al. 1965) . Any pheophytin in the samples was subtracted in this method, but no corrections could bc made for chlorophyllides.
Usually three samples of water were incubated in each experiment so that the effect of light intensity and the presence or absence of nutrients could be evaluated, Stockings made of different weights of nylon cloth were used to reduce the sunlight intensity to 56, 35, 30, 20 Secchi disc data, assuming three times the Secchi depth as the depth where light penetration is 1% of the surface intensity and that the light absorption coefficient was constant over depth. Sampling depth was chosen in most cases from the in situ light data to correspond to the transmission of one of the light attenuators.
Total radiation was calculated from records provided by a bimetallic actinograph kept on the roof of the Scripps Institution laboratory which was within a few miles of the ship.
RESULTS

AND DISCUSSION
Successful application of method A depends on the specific growth rate, 7c, being constant over the 48-hr incubation period. Lag phases and transient or progressive changes in the growth rate constant of the phytoplankton community, due to nutrient depletion, adaptation to new sources of nutrients, light intensity, temperature shock, etc., tend to invalidate results. Daily chlorophyll a analyses were included in these experiments to reveal such behavior since chlorophyll a levels in phytoplankton cells arc fairly sensitive to environmental changes.
Sources of error in standing crop estimation Great accuracy in PO estimation with method A was not expected from these cxpcriments because of the problems of inconstant specific growth rate and errors of measurement, and especially because small errors are greatly amplified in the calculation of PO (equation 5). For the purposes of demonstration, I have assumed a 5% error in determining the carbon assimilation ( Table 1 ). The error in PO estimation is greatest (40% too, high) when aP1 is overestimated and AP2 underestimated by 5%. When API is low and AP2 is high by 5%, the PO estimate is low by 24%.
Effect of hypothetical change in growth rate constant during the 48-hr incubations is sho'wn in Fig. 1 . The error in PO estimation is greatest when specific growth rate declines with time. For example, a decline of 10% in k during the second 24-hr period results in overestimating PO about 18%, while a 10% increase in k during the second day24 gives a PO estimate about 10% too low. It seems likely that species succession takes place in the experimental bottles. The seriousness of this problem was not examined. Different members of the phytoplankton community in the bottle will doubtless grow at different rates (Pratt and Berkson 1959), but this is without effect on PO estimations as long as their specific growth rates are constant over time. Likewise, specific growth rates in the bottles do not riced to be identical to those in situ for good results. Failure of some members of the community to grow at all is a more serious problem. A gradual cessation of photosynthesis of some cells would appear as a decline in specific growth rate over the 4%hr period, leading to high PO estimate, as discussed above.
Sudden emergence of one species after an initial lag would represent an increasing i? and give a low estimate of PO. Menzel, Hulburt, and Ryther ( 1963) have detcrmined changes in species composition in enrichment cxpcriments carried out with Sargasso Sea water. All the cffccts mcntioncd above could be seen in their data, especially where the experiments covered several days incubation. This is a reason for keeping the cxperimcnts as brief as possible.
Earlier experiments with large-volume cultures on shipboard allowed preliminary tests of method A with good results (Table  2 ). Independent estimates of initial standing crop were obtained from regressions of carbon assimilation on chlorophyll from samples removed during the first few days of culturing.
Good results were achieved also with. an outdoor, 70,000-liter culture of Ditylum brightwe& In this expcrimcnt, the regression of particulate oxidizable carbon on chlorophyll also yielded a similar PO estimate.
Effect of nutrient additions and light intensity on standing crop* estimates
It was necessary to add nutrients to achieve a constant rate of logarithmic growth of phytoplankton in the bottles (Table 3) . In seven experiments, carbon assimilation was compared in samples with and without added nutrients.
Uptake in the first 24 hr (API) without added nutri- Assuming PO estimates to be correct ( as calculated) for samples with added nutrients, I have calculated specific gro,wth rates of plants in samples with and without added nutrients to illustrate the departure of the growth constant from the ideal. A critical nutrient addition was nitrogen ( see expt 5, Table 3 ). Either nitrate or ammonia served to allow logarithmic growth and reasonable biomass estimates.
Nutrient depletion was judged to have occurred in the experiments if the ratio carbon assimilated : nitrogen added, by weight, exceeded 6 in 4& hr. This was the case in two experiments where the initial standing crop was high. Unreasonably high P,, estimates resulted in both experiments (data not shown).
Light intensity during incubation o,f the samples influenced the PO estimates (Table  4) . Assuming PO estimates to be correct, as calculated for samples incubated at the light intensity most closely matching that estimated in situ, I have calculated apparent specific growth rates, from that value and the carbon assimilation data, as influenced by light intensity using equation (2). High light intensities sometimes resulted in increasing growth rate constants and low PO estimates (Table 4 , expt 8a, Sb, lla), although the opposite effect was noted in expt 7. In one trial (Table 4 , expt 11) the growth rate constant apparently declined at the two lower light intensities leading to high PO estimates. Growth in the dark was negligible.
Thus, both inappropriate light intensity and failure to add sufficient nutrients caused departures from a constant rate of logarithmic growth, as suggested by the calculated specific grolwth rates. The changing k values were accompanied by changing carbon : chlorophyll n ratios, indicative of responses in cell composition to altered light intensity or to' nutrient depletion.
Estimates of precision
Since replicate treatments were not undertaken, a direct estimate of precision was not available. Some idea oE precision can be had by comparing samples incubated under similar conditions (Table 5) ) such as where similar light at tcnuators were used or different nitrogen sources were added. Differences in PO estimates of such pairs varied fro'm 7 to 48% of their mean value. The greatest variations were noted where differences in incubation conditions were greatest (Table 5, cxpt 7, 8, 11) .
A second measure of precision, relying more on intuition, was obtained by assuming that all samples taken from the mixed layer where nitrate was not detected had the same carbon : chlorophyll ratio. The mean ratio for eight such samples was 98 with a standard deviation of 17.
Considering the nature of the work, the precision is, in most cases, probably adequate for fieldwork.
Precision could be improved by taking replicate samples for 14C counting and by improving incubation conditions, for example, by matching the incubation temperature to that irz situ, and by more closely matching light intensity and spectral energy distribution to that in situ.
Secondary estimates of standing stock
Of the 20 experiments undertaken, only 13 could be considered fully successful. Three were spoiled by attempting to return samples to the laboratory without temperature control during transport. The other failures were primarily due to not adding sufficient nutrients to large initial crops, although temperature shock could not be ruled out in two cases where samples were taken in or below the thermocline. In these cases whcrc method A failed, it seemed possible that the secondary method mentioned earlier might work. This method could be applied in three ways :
Method B: Calculate the ratio of carbon assimilation to chlorophyll a increase in the first 24 hr of incubation and multiply this ratio by the initial chlorophyll a.
Method C: Calculate in the same way using data for the 24-to 48-hr interval to get standing stock at 24 hr, then subtract API to get PO.
Method D: Multiply the ratio carbon increase to chlorophyll a increase over the full 48-hr incubation times initial chlorophyll a.
Method B might be useful in cases of nutrient denletion or error in AP2. method C in case of a bad lag phase, and method D where AP1 was in error. As a test of the secondary method, results were compared with PO estimates obtained with method A where the latter estimates seemed reliable as judged by agreement between pairs of samples similarly treated (expt 3, 4, 7, 8, 17, 19) . Only in expt 19 were any of the secondary estimates within 20% of the estimate from method A., and then all were within 10%. In most cases, however, the secondary estimates implied PO : chlorophyll ratios in the range observed in cultures. Agreement among the secondary methods was also poor. For example, PO estimates from methods IB and C were within 20% only four times out of 19 trials; PO from C and D, only five times out of 19. But agreement was fair when the same method was applied to a sample incubated under two similar conditions, as in Table 5 .
Carbon : chlorophyll a ratios Ratios were calculated from method A where PO estimates were made from samples with added nutrients that were exposed to light intensities most closely matched to those estimated in situ (Table  6 ). Samples taken from water with mea-RICHARD W. EPPLEY Table  7 ) were similar to those in experiments shown here and much lower than in waters lacking nitrate.
This suggests that carbon : chlorophyll n ratios were similar and low in all samples with measurable nitrate.
surable nitrate ( >1 PM) consis tcntly gave lower ratios than samples with undetectable nitrate.
These results support the contention that ratios should bc about 30 for phytoplankton with adequate nutrients and higher for phytoplankton subject to high light intensities or in nutricnt-depleted waters (Strickland 1960; Steele and Baird 1962) . The samples containing nitrate came usually from depths where light intensity was low. Variation in the carbon : chlorophyll a ratio with depth was expected as a result of the effects of declining light intensity and temperature as well as nutrition, but the experiments were not extensive enough to differentiate among such effects. The light intensity effect on carbon : chlorophyll a ratio did become apparent in two experiments where samples were returned to the laboratory and incubated 4-5 days, and Lorenzcn ( 1968) found the effect off Peru. The eight samples lacking measurable nitrate covered a temperature range of 8C (Table 6 ), but no variation in carbon : chlorophyll a ratio with in tifu temperature was apparent.
Carbon : chlorophyll a ratios even in surface waters with undetectable nitrate were not so high as to suggest extreme nutrient limitation.
In situ nutrient regeneration may be sufficiently rapid or concentrations of ammonium, not mcasurcd, sufficiently high for growth of phytoplankton at rates nearly as great as those in samples with added nutrients. This is further suggested by similarity in rates of photosynthesis per unit chlorophyll when the average chlorophyll content over the 24-hr incubation was used as a basis for calculation (Table  7) . Maintenance of such a tenuous condition throughout the season would require rather strict correspondence between the size of the phytoplankton crop and the rate of ammonia production.
Comment on 24-hr photosynthetic rates
Carbon assimilation rates calculated per weight chlorophyll a initially present were high-greater than 10 g C/g chlorophyll a per hr in water samples lacking detectable nitrate ( Table 7) . The high values are considered artificial since chlorophyll a increased during the incubation often twofold to fourfold. Rates of carbon assimilation per average chlorophyll a content during incubation were more reasonable (6-7) and less variable, although still somewhat high compared to the norm of 3,7, a typical value for gross photosynthesis (Ryther and Yentsch 1957 Methods for routine estimation of phytoplankton standing stock as carbon are limited and unprecise due to the difficulty of separating phytoplankton from other particulate matter for direct analysis. Steele and Baird ( 1961, 1962) sought to overcome this problem by carrying out analyses of chlorophyll and particulate carbon on a great many samples and determining a carbon : chlorophyll ratio from the regrcssion of chlorophyll on total particulate carbon. This method, applied to samples obtained by collecting water from a pump as it was lowered from the surface to the bottom of the euphotic zone on these cruises gave a scattergram that indicated wide variation in either detritus content or carbon : chlorophyll a ratio, or both. Lorenzen (1968) has defined the: conditions under which this method may be used: in a given discrete patch of phytoplankton, as in a bloom. Cushing and Nicholson (1966) and Sheldon and Parsons (1967) have used a method relying on measurement of the rate of increase in volume of particulate matter during incubation of seawater samples under conditions that allow phytoplankton growth. Although their intent was to mcasure phytoplankton growth rate, the data obtained allow biomass estimation as well. This method assumes, as does method A, that the specific gro,wth rate remains constant during incubation. It also requires a constant detrital volume during incubation and the use of a factor of proportionality between phytoplankton cell volume and carbon. IJsc of particulate volume certainly has merit if only particles containing chlorophyll a are included in the volume estimate since the relation between phytoplankton cell carbon and cell volume has been thoroughly studied (Strathmann 1967; Sheldon and Parsons 1967; Mullin, Sloan, and Eppley 1966) . Experience here has shown that cell volumes must bc determined with living or freshly preserved samples since all the common preservatives we have tried eventually alter the cell volumes of flagellates (Beers and Eppley, unpublished) .
Compared with these methods, and the third alternative of guessing at a suitable carbon : chlorophyll ratio, method A looks reasonable. But by any absolute standard it is laborious, time-consuming, and subject to error. The advantage of the method is that it can be used with single samples and it can be carried out less laboriously than microscopic counting and cell sizing of the same samples. It further avoids the uncertainties involved in cell volume changes during preservation and the errors in the determination of detritus carbon and cell carbon : cell volume ratios. Further tests are needed with a temperature-controlled incubator and with replicate samples to investigate the utility and sources of error of method A. It seems fair to state that the rapid, accurate, and precise deter-mination of phytoplankton carbon remains one of the principal problems in the study of phytoplankton dynamics in nature. The current methods must be considered only interim solutions, Choice among these methods will vary with the nature of the program. to be undertaken. We have found excellent correlations between particulate carbon and chlorophyll a in studies of dinoflagellate blooms in red water, and I recommend the Steele and Baird carbon/chlorophyll regression for calculating phytoplankton carbon in such studies.
The current method A is more suitable where sampling periods are separated in time or when only a few samples are to be taken in different areas.
